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ABSTRACT: Phosphorene, a new two-dimensional (2D) semiconductor, has received much 
interest due to its robust direct band gap and high charge mobility. Currently, however, 
phosphorene can only be produced by mechanical or liquid exfoliation, and it is still a significant 
challenge to directly epitaxially grow phosphorene, which greatly hinders its mass production 
and thus applications. In epitaxial growth, the stability of nanoscale cluster or flake on a 
substrate is crucial. Here, we perform ab initio energy optimizations and molecular dynamics 
simulations to explore the critical role of substrate on the stability of a representative 
phosphorene flake. Our calculations show that the stability of the phosphorene nanoflake is 
strongly dependent on the interaction strength between the nanoflake and substrate. Specifically, 
the strong interaction (0.75 eV/P atom) with Cu(111) substrate breaks up the phosphorene 
nanoflake, while the weak interaction (0.063 eV/P atom) with h-BN substrate fails to stabilize its 
2D structure. Remarkably, we find that a substrate with a moderate interaction (about 0.35 eV/P 
atom) is able to stabilize the 2D characteristics of the nanoflake on a realistic time scale. Our 
findings here provide useful guidelines for searching suitable substrates for the directly epitaxial 
growth of phosphorene. 
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1. Introduction 
Stimulated by many miraculous properties of graphene, other two-dimensional (2D) 
materials, such as h-BN
1, 2
, transition metal dichalcogenides (TMDs)
3, 4
, silicene
5-8
 and 
phosphorene
9, 10
, have also been produced and studied. Among those 2D materials, phosphorene, 
which was mechanically exfoliated in 2014,
9-11
 is the latest member joining the 2D materials 
family. Similar to graphene, phosphorene has a honeycomb network; but unlike graphene, it is a 
direct band gap semiconductor possessing a rectangular unit cell and a puckered structure.
12
 Due 
to this unique puckered feature, its mechanical
13
, thermal
14
 and electronic
12, 15-17
 properties are 
highly anisotropic. For example, based on first-principles calculations, the hole mobility along 
the armchair direction (~640–700 cm2V-1s-1) was predicted to be 16–38 times lower than that 
along the zigzag direction (~2×10
4
 cm
2
V
-1
s
-1
).
12
 Remarkably, the electronic properties of 
phosphorene can be effectively tuned by various methods, such as layer number engineering
18-20
, 
surface doping
16, 21
, applying external strain
22, 23
 and applying electrical field
24, 25
. For example, 
the electronic properties of phosphorene were found to be strongly layer-dependent: The band-
gap can be tuned from ~2.0 eV
18, 26
 (monolayer) to ~0.3 eV
9, 12, 18, 20
 (bulk), and the work 
function can be changed from 5.16 V (monolayer) to 4.50 V (five layers)
19
. Kim et al. observed 
that the band-gap of few-layer phosphorene could be continuously reduced with the increase in 
dopant density, and at a critical dopant density, the semiconducting phosphorene became a Dirac 
semimetal, in which the energy vs. wave vector relation was linear along the armchair direction 
and quadratic along the zigzag direction.
16
 By applying compression vertically to its surface, 
Stewart et al. predicted that the room-temperature electron mobility of bilayer phosphorene was 
increased to 7×10
4 
cm
2
V
-1
s
-1
 along the armchair direction.
22
 Hence, compared with graphene and 
other 2D materials, phosphorene possesses many unique properties, such as a moderate band gap 
between graphene (0 eV)
27
 and MoS2 (2.0 eV)
28
, a relatively high carrier mobility
12, 22
, strongly 
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anisotropic properties
9-14
 and highly tunable electronic properties
7,15-21
.  Therefore, phosphorene 
has many unique advantages in electronic and optoelectronic device applications.
10, 29
 
 
Epitaxial growth techniques, such as chemical vapor deposition (CVD) and physical vapor 
deposition (PVD), have been widely used to grow 2D materials, including graphene
30-34
, h-BN
1, 
2
, MoS2
35, 36
 and silicene
5, 7
. In fact, epitaxial growth is considered to be one of the most efficient 
methods to mass-produce 2D materials with high quality, large size and low cost.
2, 30, 33, 34, 37
 
Currently, however, phosphorene can only be produced by mechanical exfoliation
9-11
 or liquid 
exfoliation
38, 39
 from prepared bulk black phosphorus. It is still a significant challenge to directly 
grow monolayer or few-layer phosphorene by using epitaxial growth, which greatly hinders its 
mass production and thus applications. With regards to the successful epitaxial growth of 
graphene and other 2D materials, an important question arises: Can monolayer phosphorene be 
directly grown by epitaxial technique? Clearly, answer to this question is not only of significant 
scientific interest, but also of great impact to the applications of phosphorene. 
  
During the growth of 2D materials, the existence of stable crystalline nanoflake is vitally 
important for its continuous growth. One of the important factors that influence the stability of a 
nanoflake is its interaction with substrate.
40-42
 For example, on Rh(111)
6
 and Ru(0001)
43
 
surfaces, the crystalline structure of silicene was found to be broken, while on Ag(111) surface, 
the substrate was able to stabilize the configurations of initial silicene nanoflake and thus 
promote the growth of silicene monolayer.
5-8
 Considering its buckled, highly anisotropic and 
relatively less stable structure
12, 18-20
, we can infer that the growth of phosphorene should be very 
sensitive to substrate. To the best of our knowledge, there is no report on the stability of 
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phosphorene nanoflake on substrate. Then an important question is: What kinds of substrates are 
potentially suitable for the direct epitaxial growth of phosphorene?  Moreover, in addition to the 
critical role in growth of phosphorene, the interactions of phosphorene with substrates are also 
relevant to a variety of interesting and important research topics and applications, such as surface 
chemical reactivity and kinetics, photocatalysis, interfacial charge separation, electronic band 
structure and charge transfer, etc. 
 
In this work, we explore the stability of a representative phosphorene nanoflake containing 
27 atoms (black P27) on different substrates via both ab initio energy optimization and ab initio 
molecular dynamics (AIMD) simulations, with aim to search for suitable substrates for the direct 
epitaxial growth of phosphorene. The reasons that we choose the P27 nanoflake are: 1) it 
possesses the characteristic 2D structure of phosphorene with the C2 symmetry, 2) such a flake 
size has been found by many previous theoretical and experimental explorations to be important 
for the growth of 2D materials, such as graphene and silicene,
6, 31, 41, 44
 and 3) it also possesses 
important edge features. The formation energy of a 2D cluster can be approximately calculated 
as the sum of the edges energies, ~
1
2
∑ 𝑙𝑛𝛾𝑛𝑛  (𝑙𝑛 is the edge length and 𝛾𝑛 is the edge energy per 
length)
45
. As the edge energy of phosphorene is about 0.2~0.3 eV/Å,
46, 47
 which is comparable to 
or even lower than that of graphene edge (about 0.3~1 eV/Å)
48-50
, the thermal and dynamic 
stability of phosphorene edges should also be important to the growth of phosphorene.  
Therefore, as a pioneering attempt, we use this flake in our study. With regards to substrates, we 
have chosen three different substrates: the h-BN substrate with vdW interaction, the Cu(111) 
surface with chemical adsorption, and the h-BN substrate with an artificially modified vdW 
interaction. For comparison, the structure and stability of the free-standing P27 flake are also 
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studied. Our calculations show that the stability of the phosphorene nanoflake is strongly 
dependent on the interaction strength between the flake and substrate. Importantly, we find that 
the characteristic 2D structure of the flake may be stabilized by choosing a proper substrate. This 
finding may provide a basis for searching suitable substrates for the direct epitaxial growth of 
phosphorene. 
 
2. Computational Methodology  
Various simulation methods, such as phase field method51, 52, kinetic Monte Carlo (kMC) 
method53, 54, and classical molecular dynamics method,55 have been used to study the growth 
mechanism of 2D materials. However, the predictability of these methods is strongly dependent 
on material and physical parameters adopted. For example, free-energies for different phases and 
edge attachment/detachment rates are required for phase field method; dominant kinetic 
processes and their energy barriers are needed for kMC; and atomic interaction potential is 
demanded for classical molecular dynamics. For phosphorene, these parameters are largely 
unknown. ab initio simulations have been justified to be a powerful and accurate tool to explore 
the substrate interaction, stability and structure transition of nanoscale materials56, and have been 
adopted successfully to study the growth mechanism of 2D materials, including graphene, h-BN 
and silicene 40, 41, 48, 57. Therefore ab initio energy optimizations and ab initio molecular dynamics 
simulations are adopted in this work. 
 All the ab initio calculations in this paper were performed by using density functional theory 
and plane wave pseudopotential technique with spin-polarization, as implemented in the Vienna 
Ab-initio Simulation Package (VASP)
58, 59
. Generalized gradient approximation (GGA) with the 
Perdew–Burke–Ernzerhof (PBE) functional was used to describe the exchange-correlation 
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interaction.
60
 Grimme’s DFT-D2 approach was used to describe the vdW interaction.61 Projector-
augmented wave (PAW) method
62 
was used to describe the core electrons. A plane-wave basis 
kinetic energy cutoff of 400 eV and a convergence criterion of 10
-5
 eV were used in all the 
calculations. A conjugate-gradient algorithm was used to relax the ions until the force was less 
than 0.02 eV/Å. PREC was set to Normal for both structural relaxation and ab initio molecular 
dynamics calculations, but it was increased to High for charge differential density calculations. 
The charge differential densities and slices were plotted with VESTA soft package. For the 
transition state calculations, a climbing-image nudged elastic band (cNEB) method
63
 was used to 
find saddle points and minimum energy paths with quick-min optimizer until the force was less 
than 0.03 eV/Å. 
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Figure 1. Left panel: Top view and side view of initially flat P27 flake and optimized structures 
in vacuum (a1-2), on Cu(111) surface (a3-4), on h-BN surface (a5-6). Middle panel: Top view 
and side view of initially black P27 and optimized structures in vacuum (b1-2), on Cu(111) 
surface (b3-4), on h-BN surface (b5-6), the red numbers are relative energies to the relaxed flat 
ones in left panel, respectively. Right panel: Charge differential densities of optimized black P27 
flake on Cu(111) (c1) and on h-BN (c3). Green (red) zone gains (loses) charges with isosurface 
value of ±0.003|e|/bohr
3
, and the slices (c2, c4) are along the black lines in (c1, c3), respectively. 
The saturation level is ±0.002|e|/bohr
2
. 
3. Results and Discussion 
3.1 Structure optimizations of phosphorene P27 nanoflake  
First of all, we checked the stability of P27 flake in vacuum, on Cu(111) and h-BN surfaces, 
respectively, via ab initio energy minimizations. Here, we considered two types of P27 nanoflake: 
the black P27 with the phosphorene structure, and the flat P27 with a perfectly planar structure. At 
the beginning, these two P27 nanoflakes were placed in vacuum, on Cu(111) surface and h-BN 
surface (Left and middle panels of Figure 1), respectively. The h-BN substrate was chosen as a 
(5√3×9)  monolayer supercell with dimensions of (21.775 ×22.626 × 25.000) Å3, while the 
Cu(111) substrate as a (8×5√3) three-layer supercell with dimensions of (20.448 × 22.135 × 
25.000) Å
3
. Such supercells are large enough so that the influences from the adjacent images are 
eliminated.   
For the flat P27 nanoflake, after the structural relaxation, the in-out buckling (Figure a2, a4, 
a6) arose spontaneously for all three scenarios
64
, forming a two-layer structure resembling the 
phosphorene. Further examination showed that the relaxed P27 nanoflake structure in vacuum 
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(Figure a1-2) was nearly the same as that on the h-BN substrate (Figure a5-6). However, the 
relaxed P27 nanoflake structure on the Cu(111) surface was found to break down spontaneously 
(Figure a3-4).  
The stability of the black P27 nanoflake in vacuum, on the Cu(111) surface and on the h-BN 
surface was also examined (Middle panel of Figure 1). Similar to the flat P27 nanoflake, the black 
P27 nanoflake in vacuum (Figure 1 (b1-2)) and on h-BN surface (Figure 1 (b5-6)) were similar 
and kept their 2D structural characteristic. On the Cu(111) surface, however, although most 
atoms reserved the 2D characteristic of phosphorene, one inner P-P bond was broken by forming 
P-Cu-P bonds (Figure 1 (b3-4)). Besides, two edge atoms in upper layer were pulled down to 
bottom by the strong interaction with the substrate. By comparing the relaxed flat P27 nanoflake 
and relaxed black P27 nanoflake, we found that the energy of the latter is 0.14 eV (0.29 eV) lower 
than the former on h-BN surface (in vacuum), implying the possibility of transforming the flat 
P27 into the black P27. In contrast, the energy of the black P27 nanoflake is up to 3.63 eV higher 
than the broken one, indicating that the growth of phosphorene is difficult on the Cu(111) 
surface.  
 
Table 1. The binding energy (EB) (eV/P atom) of the relaxed black P27 nanoflake on h-BN, 
Cu(111) and artificially modified h-BN surfaces. EB = (EP + ESub – ET)/NP, ET is the total energy 
of the black P27 nanoflake on substrate, EP is the energy of the black P27 nanoflake in vacuum, 
ESub is the energy of related substrate, and NP is the number of P atoms, i.e. 27. 
 h-BN Cu(111) Modified h-BN 
EB 0.063 0.754 0.349 
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The breakdown of the P27 nanoflake on the Cu(111) is clearly due to the strong interaction 
between the nanoflake and Cu(111) surface. Although the Cu(111) surface has been used for the 
epitaxial growth of graphene, here we show that it is not suitable for the growth of phosphorene 
due to their strong interaction. Analysis on the charge differential densities for the relaxed black 
P27 on the Cu(111) was shown in Figure 1 (c1-2). It is seen that the abundant charges were 
transferred into the zone between the P27 and Cu(111) substrate both at the edge and inner part. 
Such scenario is similar to silicene on Ag(111) surface
6
, but very different from graphene on 
metal surfaces
32, 41, 65
.  When we consider the whole P27 nanoflake, the calculated binding energy 
is about 0.754 eV/P atom (Table 1). But from the charge differential densities (Figure 1-c1) and 
its slice (Figure 1-c2), we can see that the binding is mainly attributed by 17 P atoms at the 
bottom layer. Hence, if we only consider the bottom layer P atoms, the binding energy is about 
1.198 eV/P atom, signifying the strong interaction between the P27 nanoflake and Cu(111) 
surface. In contrast, there is nearly no charge transfer between the P27 and h-BN surface at the 
same isosurface level (Figure 1-c3&4) and the binding energy is only 0.063 eV/P atoms 
averaged over 27 P atoms.  
Due to its chemical stability, h-BN was used as an effective capping layer to protect 
phosphorene from its structural and chemical degradation. Experimentally, phosphorene was 
found to be able to largely maintain its electronic and Raman characteristics in the h-
BN/phosphorene heterostructure
66-69
. Theoretically, the interaction between BN and monolayer 
phosphorene was found to be vdW in nature 
70, 71
. Therefore, the low binding energy between the 
P27 and h-BN surface from the present calculation is consistent with those previously reported 
results. 
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Figure 2. The free energy (a) of black P27 nanoflake in vacuum during 5.0 ps AIMD simulations 
and their top view and side view of structural evolutions in time (b-e, h-k). Inserts (f) and (g) are 
the enlarged views of deformed zone in (e). Red and blue circles label the structure 
deformations. The lines in side views roughly divide the P27 nanoflake into three layers. 
3.2 Dynamic stability of phosphorene P27 nanoflake in vacuum  
Next, we explored the kinetic and dynamic stability of the black P27 nanoflake via AIMD 
simulations. In the structure relaxation, we have shown that the Cu(111) surface is not a good 
candidate. Hence here, we focus on the AIMD simulations of the P27 nanoflake in vacuum and h-
BN substrate. The calculations were performed at 300 K (thermal degradation
72
 temperature of 
few-layer black phosphorus is about 400 
o
C). Each AIMD calculation lasted 5.0 ps and each step 
for ionic movement was 1.0 fs. For the AIMD simulations and the transition state calculations, a 
(4√3×7) h-BN supercell with dimensions of  (17.420 × 17.598 × 25.000) Å3 was used, which is 
slightly smaller than the one used in the structure optimization. A canonical ensemble was 
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adopted for the AIMD calculations using the algorithm of Nosé.
73
 During the AIMD simulations, 
all boron and nitrogen atoms were fixed. As the melting point of h-BN is higher than 3000 K, 
such a freezing approach is reasonable.  
  
Figure 2 showed the energetic and structural evolution of the black P27 nanoflake in vacuum. 
It is seen that the black P27 kept its structure only till ~3.4 ps (Figure 2a-c and Movie-S1&2 in 
Supporting Information (SI)). The first deformation took place by forming a P1-P2 bond between 
P1 and P2 atoms as labeled in Figure 2, and the neighboring P4 atom was pulled down from the 
initial bottom layer (Figure 2d). The driving force for the deformation was originated from the 
passivation of unsaturated P1 and P2 atoms at the edge, which reduced ~0.6 eV in energy.  
 
Once the P1-P2 bond was formed, the subsequent structure changes followed quickly. 
Another edge P-P bonding occurred at the symmetric position of P1-P2 (Figure 2e) only in 0.34 
ps later. From the enlarged view in Figure 2f&g, the structure change was similar to previously 
reported P8
-
 anions.
74
 The subsequent structure changes were also easy, with an interval of every 
0.3 ps.  In Figure 2h&i, a new reconstructed edge was formed by downwarping the original edge 
and connecting secondary edge atoms (see the Movie-S2 in SI). The main structure of the 
newborn edge was composed of a series of deformed pentagons (Figure 2h), which are very 
similar to red phosphorus or previously reported C2v–symmetric phosphorus chains, which was 
one of the most stable configurations in vacuum.
64
 Therefore, such edge reconstruction may 
actually exist in phosphorene nanoribbons and quantum dots. 
 
 12 
The downwarping and deformation of the opposite edge occurred at 4.43 ps (Figure 2i&j), 
which further reduced the energy. At about 5.0 ps, the strain introduced by the deformation 
finally broke the P27 nanoflake (see Figure 2k). After the 5.0 ps of AIMD simulations, the two-
layer black P27 was transformed into a three-layer structure (see the dividing lines in the side 
view of Figure 2b-k), losing the 2D characteristics of phosphorene. Via these structure changes, 
the total energy was about 3.3 eV lower than that of the initial black P27. Therefore it is clear that 
the black phosphorene nanoflake is not kinetically/dynamically stable in vacuum.  
 
 
Figure 3. The free energy of the black P27 nanoflake on the h-BN surface during 5.0 ps AIMD 
simulations (a) and the structural evolutions at different times (b-i). Inserts (j) and (k) are the 
enlarged views of the deformed zone in (i). Red and blue circles label the structure deformations. 
The yellow background in the top view represents the h-BN substrate for a clear view. The lines 
in the side views divide the P27 nanoflake in three layers roughly. 
3.3 Dynamic stability of phosphorene nanoflake on h-BN 
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The energetic and structural evolutions of the black P27 nanoflake on the h-BN surface were 
shown in Figure 3. Although the interaction between black P27 and h-BN surface is weak (Table 
1 and Figure 1c3&4), the deformation of P27 on the h-BN, which is step by step (Figure 3a and 
Moive-S3 in SI), is very different from the nearly continuous structure changes in vacuum. At 
the first stage, the initial black P27 kept its structure till about 1.2 ps (Figure 3a-c). Then the 
protruded edge at the right part of P27 shrank back and formed a new P-P bond just under the 
upper layer P-P bond in the blue circle of Figure 3d. This deformation reduced the energy by 
only ~0.22 eV, but it didn’t change the two-layer characteristic of black phosphorene nanoflake 
(Figure 3a). A marked energy reduction of ~0.74 eV happened in the third stage of deformation, 
by forming a P1-P2 bond (red circle in Figure 3e), similar to that in vacuum (Figure 2d). But the 
P4 atom could not go down due to the confinement of the h-BN substrate, thereby P5 atom was 
pushed up from the upper layer. This deformation has a much longer lift time (> 2.5 ps, Figure 
3e-g) than that in vacuum since the confinement of the h-BN substrate limited the edge 
reconstruction. Via the motion of P5 atom, the energy of the distorted configurations in Figure 
3h&i was about 2.2 eV lower than the initial black P27 nanoflake. As shown in the amplifying 
view (Figure 3j-k), the deformation looked like the previously reported anion P7
-
 cluster in 
vacuum.
74
 The P3 atom was further lifted up to ~1 Å higher than the initial upper layer, 
signifying a new P layer was going to form (see the dividing line in side view of Figure 3b-i). 
Overall, the inner structure changes and energy reduction of the black P27 on the h-BN surface 
were lower than that in vacuum (see the Moive-S3, S4 in SI), but they were still markedly visible. 
Although the h-BN substrate shows some positive effects on the stability of the P27 nanoflake, 
the weak interaction with h-BN surface with ~0.063 eV/atom is unable to stabilize the 2D 
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characteristics of phosphorene. Clearly, a stronger P27-substrate interaction is required to 
stabilize the 2D characteristics of the nanoflake.  
 
 
Figure 4. The free energy change of the black P27 nanoflake on a modified h-BN surface in the 
5.0 ps AIMD simulations (a) and the top view and side view of structural evolutions with time 
(b-g). Blue circles label the structure deformations. The yellow background in top view 
represents the modified BN substrate for a clear view of P27 nanoflake. The lines in side views 
divide the P27 nanoflake in two layers roughly. 
3.4 Moderate substrate interaction to stabilize phosphorene P27 nanoflake  
Our above analyses have shown that the Cu(111) substrate is too strong to retain the 
integrity of the P27 structure; while the h-BN substrate is too weak to stabilize the 2D 
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characteristic of the P27 nanoflake. For the purposes of direct and simple comparison to the h-BN 
surface, we proposed a theoretical substrate by artificially enhancing the vdW interaction 
between the black P nanoflake and h-BN substrate. Hereafter, the artificial substrate is called 
modified h-BN, whose C6 parameters for B and N species were increased 15 times, and as a 
result, the interaction energy between P27 and h-BN substrate was enhanced to 0.349 eV/P atom 
(Table 1). Since the value of C6 for P was not changed, the interactions between phosphorus 
atoms were not affected. Our ab initio energy minimization showed that on this artificial 
substrate, the edge of P27 nanoflake was more flat than those in vacuum and on the h-BN surface. 
In particular, the inner part of the P27 nanoflake still retained its two-layer structure (see Figure 
4).  
 
The AIMD calculations are shown in Figure 4. It is interesting to see that both the structure 
and energy of black P27 were almost unchanged on the artificially modified h-BN surface, and its 
two-layer characteristic remained intact. During the whole 5.0 ps AIMD simulation, the P1-P2 
bond was never formed and thus the edge had no significant reconstruction (See Figure 4 and 
Movie-S5 in SI). The P6-P7 bond was formed at 0.32 ps (Figure 4c), and subsequently the P7-P8 
bond was broken at ~ 2.06 ps (Figure 4d). At the same time, a new P-P bond was formed 
between P10 and P11, right beneath the P7 and P8 atoms (Figure 4d&e), respectively. After ~3 
ps AIMD simulation, the P9-P10 bond was broken, which transformed the four-coordination P10 
atom into three-coordination, but P12 atom in the second edge became a new four-coordination 
atom (Figure 4f&g). It is noted that all these deformations belong to the intra-layer redistribution 
without any formation of new layers (see the Movie-S6 in SI). From 0.0 to 5.0 ps, there was 
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negligible change in the average total energy, which is in contrast to the obvious energy 
reduction observed in the P27 nanoflake in vacuum and on the h-BN surface.  
 
 
Figure 5. The distribution of the inner atoms of the P27 nanoflake in the last ~0.5 ps simulations 
along the z coordinates. (a) in vacuum, (b) on the h-BN surface, (c) on the modified h-BN 
surface. 
3.5 Discussion  
Figure 5 showed the distributions of the inner atoms in the black P27 (three-coordination P 
atoms in the original structure) along z direction in the last ~0.5 ps of AIMD simulations. It is 
seen that the two-layer black P27 nanoflake was split into three layers both in vacuum and on the 
h-BN surface (Figure 5a&b). In vacuum, the newborn layer was formed by downwarping the 
edge atoms and the new layer distances were very close (~1.2Å – 1.6 Å roughly in Figure 5a). 
On the h-BN surface, the edge downwarping was prevented by the substrate; thereby the 
newborn layer was formed by lifting the P3-like edge atoms (Figure 3e-i). The distance between 
bottom and middle P layers was about 1.9 Å, close to the initial layer distance of phosphorene. 
But the layer distance between middle and newborn layers was only ~1.4 Å, close to the layer 
distance of the deformed P nanoflake in vacuum (Figure 5a) and the height of freestanding linear 
P chains.
64
 The distribution analyses agreed with the dividing line in Figures 2 and 3 well. 
Besides the newborn third layer, all the distribution peaks in vacuum and on the h-BN surface 
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overlapped together, indicating an amorphous tendency. In contrast, there were only two distinct 
peaks for the P27 on the artificially modified h-BN surface. The distance is ~2.0 Å, in agreement 
with the pristine layer distance of phosphorene. The peak of the bottom layer was higher and 
sharper due to the substrate restriction on the atomic vibration along z direction, while the peak 
of upper layer is wider and more disperse. In addition, the bottoms of these two peaks were 
clearly apart, distinctively different from the overlapped bottoms of distribution peaks in vacuum 
and on the h-BN surface. Such clearly divided peaks signify the two-layer characteristic of 
phosphorene, indicating the strong stabilizing effect of this artificial h-BN substrate.  
 
To understand the superiority of this artificial substrate over the standard h-BN surface, we 
have performed structural transformation analyses on the AIMD simulations. As shown in 
Figures 2&3, the newborn layers were all induced by the edge wrapping, which started from the 
bonding of P1 and P2 atoms. Therefore, we explored the bonding processes of P1 and P2 atoms 
on the h-BN surface with different interaction strengths and compared their bonding energy 
barriers. As shown in Figure 6a, the energy barrier on the standard h-BN surface is only ~17.5 
meV, which is even lower than the thermal fluctuation energy of 26 meV (kBT, kB is the 
Boltzmann constant) at 300 K. The structure of transition state was shown in Figure 6b&c (blue 
arrows indicate the moving direction of the P1 and P2 atoms). The average binding time τ can be 
roughly estimated by the formula: 
τ = (h/kBT)exp(∆E/kBT)                                              (1) 
where h and kB are the Plank and Boltzmann constants, respectively. T is the temperature and ∆E 
is the bonding energy barrier. Therefore, the average bonding time is only about 0.3 ps on the h-
BN surface at 300 K (Figure 6d), in agreement with our AIMD results. Besides, if the 
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temperature is reduced to 50 K, the bonding is still very easy, only within ~10 ps on average 
(Figure 6d). If we increase three times the C6 parameter for the B and N species in Grimme’s 
approach
61
, the bonding energy barrier is slightly lifted to 27.6 meV and the average bonding 
time is only increased to 0.5 ps at room temperature.  
 
 
Figure 6. The bonding energy barriers (a) of P1 and P2 atoms on the standard h-BN surface 
(yellow line), the modified h-BN with 3×C6 parameters (green line) and the 15×C6 parameters 
(red line); the top view (b) and side view (c) of the structure at the saddle point on the h-BN 
surfaces; the estimated average bonding time for P1-P2 atoms on the standard h-BN (d) and the 
modified h-BN with 15×C6 parameters (e). 
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However, If the C6 parameters for the B and N species in Grimme’s approach are increased 
fifteen times, the bonding energy barrier is significantly increased to ~1.31 eV (Figure 6a), 
which is about 75 times higher than that on the standard h-BN surface. It is worth noting that the 
energy after P1-P2 bonding is 0.28 eV higher than the original black P27 on the modified h-BN 
surface (Figure S9), indicating that such a deformation is energetically unfavorable, in strong 
contrast to that on the standard h-BN surface (Figure S7).  As a result, on such a moderate 
interaction surface, the average bonding time for P1 and P2 atoms is dramatically extended to 
~1.2 × 10
9
 s (longer than years) at 300 K (Figure 6e). That is why there was no edge wrapping of 
the black P27 nanoflake on the artificial h-BN surface during 5.0 ps AIMD simulation. At 400 K, 
the average bonding time is still 3 × 10
3
 s (~1 hour) according to Figure 6e, but it drops to 1.0 s 
at 500 K. When the temperature is elevated up to ~600 K (near the thermal decomposition 
temperature of phosphorene
72
), the average bonding time for P1 and P2 decreases to only 6.0 × 
10
-3
 s. Therefore, to avoid the edge wrapping in the black phosphorene nanoflake, the growth 
temperature should be carefully controlled during the direct epitaxial growth of phosphorene. 
It is worth mentioning that in the present work, the system is placed in vacuum condition. 
This setting is similar to that of molecular beam epitaxy, in which epitaxial growth is conducted 
in high vacuum or ultra-high vacuum condition. A similar simulation setting was also adopted 
previously in many ab initio molecular dynamics simulations on the growth of nanomaterials, for 
example, graphene75, 76 and nanotube77.  
 
4. Conclusion 
In summary, combining the ab initio structure optimizations, molecular dynamics 
simulations and transition state searching, we investigated the thermal and dynamic stability of 
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phosphorene P27 nanoflake on several substrates. The structures of the black P27 are strongly 
dependent on the interaction with substrates. A strong nanoflake-substrate interaction, for 
example, on Cu(111), will break down the phosphorene nanoflake; while a weak nanoflake-
substrate interaction fails to stabilize the phosphorene nanoflake. The instability mainly arises 
from the edge reconstruction, which transforms the two-layered black phosphorene nanoflake 
into a three-layer amorphous structure. The energy barrier for edge construction is only 17.5 
meV on the h-BN surface, indicating a fast edge reconstruction. On the artificial h-BN substrate 
with enhanced interaction strength, not only the barrier is lifted up to 1.31 eV, but also the 
deformation is becoming energetically unfavorable. As a result, the edge wrapping is prohibited 
and the inner part of the black P27 nanoflake is able to retain the 2D characteristic of 
phosphorene. The binding energy between the black P27 nanoflake and the modified h-BN 
surface is about 0.35 eV/atom, close to that of silicene on the Ag(111) surface.
6, 8
 This implies 
that a substrate with moderate interaction strength is preferred for the epitaxial growth of 
phosphorene. The next step is to modify the interaction strength so as to satisfy the interaction 
criterion. Possible ways include selecting suitable substrates, substrate doping, and applying 
external pressure etc. 
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